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High Energy Nuclear Collisions:

experimental study of deconfinement transition, QGP

Ultimate aim: show that experimental results confirm
in-medium predictions of statistical QCD

= spectral analysis of quarkonia in QGP <«



Theoretical basis :

® QGP consists of deconfined colour charges, hence

J colour charge screening for (QQ) probe
e screening radius rp(7T) decreases with temperature T

e when rp(T) falls below binding radius r; of Q@ state 1,

Q and () cannot bind, quarkonium ¢ cannot exist

e quarkonium dissociation points T}, through rp(7T;) = r;,
specify temperature of QGP
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Experimental basis:

e measure quarkonium production in AA collisions as
function of collision energy, centrality, A

e determine onset of (anomalous) suppression for the
different quarkonium states

e correlate experimental onset points to thermodynamic
variables (temperature, energy density)

e compare thresholds in survival 5

probabilities S; of states ¢ to
QCD predictions

S(Tll-") 8(TX) S(Tw)

= direct comparison:

experimental results vs. quantitative QCD predictions



In-Medium Behaviour of Quarkonia: Theory

Quarkonia:

heavy quark bound states stable under strong decay
heavy: charm (m.~ 1.3 GeV) or beauty (m; ~ 4.7 GeV)
stable: M. < 2Mp and M,; < 2Mp

heavy quarks = quarkonium spectroscopy via
non-relativistic potential theory

1
Schrodinger equation {2mc — —V°+ V(?“)} ®i(r) = M;®i(r)
me

confining (“Cornell”) potential V(r)=o0 r — %

string tension o ~ 0.2 GeV?, gauge coupling o ~ 7/12

= quarkonium masses M, and radii r;
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= good account of quarkonium spectroscopy

state

T/

Xc

w/

T

Xb

T/

/

Xb

T//

mass [GeV]

3.10

3.53

3.68

9.46

9.99

10.02

10.26

10.36

AE [GeV]

0.64

0.20

0.05

1.10

0.67

0.54

0.31

0.20

AM |GeV]

0.02

-0.03

0.03

0.06

-0.06

-0.06

-0.08

-0.07

radius [fm]

0.25

0.36

0.45

0.14

0.22

0.28

0.34

0.39

Ground states:
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NB: error in mass determination AM is less than 1 %

tightly bound AFE =2Mpp — My > Agep, small ry < 1y,
What happens to binding in QGP?




Colour screening = binding becomes weaker and of shorter
range

ro(T) [fm]

151

when force range/screening radius
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become less than binding radius,

() and () cannot “see” each other 05

= quarkonium dissociates

= quarkonium dissociation points determine
temperature, energy density of medium

How to calculate quarkonium dissociation temperatures?

e Model heavy quark potential V(r,T), solve Schrodinger
equation:

Karsch et al. 1988 T > T T & T, <T
Digal et al. 2001 Jjp & Lo Ly WS e



e Determine heavy quark potential V(r,T) in finite T
lattice QCD, solve Schrodinger equation

Shuryak & Zahed 2004

Wong 2004, 2005 state J/¢(1S) Xc(lP) W(QS)
Alberico et al. 2005

Digal et al. 2005 Td/TC 2.10 1.16 1.12

Mocsy & Petreczky 2005, 2006

e Calculate quarkonium spectrum in finite 7" lattice QCD

charmonia quenched:

Umeda et al. 2001

Asakawa & Hatsuda 2004 tat J 1S . 1P / 29
Datta et al. 2004 state | J/Y(1S) | xe(1P) | 9'(25)
Iida et al. 2005 Td/TC <920 <11 2

charmonia unquenched:

Morrin et al. 2005

bottomonia quenched

Datta et al. 2005 Ty =221, T, S 115 T, [7]
Velytsky et a. 2006
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= J/¢, T survive up to T' > 2 T, = €/, > 25 GeV /fm’
Xc and ¢’ melt near 7. = ¢, ~ 0.5 — 2 GeV /fm’
Caveat: survival, but modifications?
radii, widths as f(7)?
compare lattice & potential studies  Mocsy & Petreczky 2006
What were the new theory inputs?

e colour singlet free energy in lattice QCD
e free — internal energy in potential models

e direct finite 7' lattice calculations for quarkonia

What does this imply for quarkonium production as QGP
probe in nuclear collisions?
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In-Medium Behaviour of Quarkonia: Phenomenology

J/1 production in AA collisions:

e observed modifications due to

— cold nuclear matter of target and projectile

— secondary medium produced in collision

e observed .J/v¢ production contains

— directly produced 1S5 states

— decay products from x.(1P) and ¢'(2S) production
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In-Medium Behaviour of Quarkonia: Phenomenology

J/1 production in AA collisions:

e observed modifications due to

— cold nuclear matter of target and projectile

— secondary medium produced in collision

e observed J/v¢ production contains

— directly produced 1S5 states

— decay products from x.(1P) and ¢'(2S) production

Operational solution:

e identify effects due to cold nuclear matter by
— pA or dA studies

— Glauber analysis in terms of ¢/, for i =J /1, x., V'

includes initial & final state effects: shadowing, parton energy loss,
pre-resonance/resonance absorption

13



1

‘1 and Glauber analysis to

e for AA collisions, use o
— obtain prediction for normal J/¢) suppression

— identify anomalous J/¢ suppression

— parametrize through survival probability

(dNi/d?J)exp
(sz/dy) Glauber

S; =

for quarkonium state ¢

e assume J/1¢ origin in pA and AA same as in pp:
— 60 % direct 15, 30 % decay of 1P, 10 % decay of 25
— NB: could this be checked experimentally?

If AA collisions produce a fully equilibrated QGP:
= sequential suppression of J/¢, T <«
= thresholds predicted by statistical QCD «
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Sequential J/vy suppression: >
- S
Karsch & HS 1991 a 3
Gupta & HS 1992 2
Digal et al. 2001 = -
Karsch, Kharzeev & HS 2005 2 (218)(:1P) (13)

€(2S)E(1P) €(1S)
Energy Density

If J/1(15) survives up to 2 T, ~ ¢ > 25 GeV /fm?’:

e all anomalous suppression observed at SPS and RHIC
due to dissociation of excited states y. and ¢/

e onset of anomalous suppression at ¢(7,) ~ 1 GeV /fm’

e J/i survival probability for central Au — Au collisions
at RHIC same as for central Pb— Pb collisions at SPS
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Cross-check: J/i transverse momentum behaviour

e initial state parton scattering causes pr broadening of
charmonia; random walk in pA collisions —

(D7)pa = (P + NG

N4 number of collisions

before parton fusion to cc

(Glauber, include o)

0o kick per collision, determined in pA

e in AA collisions, initial state parton scatterings in

target & projectile; random walk —

<p2T>AA — <p2T>pp + NCAA50
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N44 total number of collisions in target and projectile

before c¢ fusion (again Glauber, include o)

e If observed J/¢ in central AA collisions undisturbed
J/Y(1S), centrality dependence of p; broadening fully
predicted by initial state parton scattering

Karsch, Kharzeev, HS 2005
Lourenco, Thews, HS - in progress

Expected Behaviour for SPS and RHIC Experiments:

s@

2 -
1.00 [<pTiA <F$ Bo 1B,

10 - O In-In, SPS

o Pb-Pb, SPS
0.50
+ 5 i
@® In—In, SPS

A Au-Au, RHIC
0.25L O Pb-Pb, SPS

w Au—Au, RHIC, |y| < 0.35
- = | r (preliminar

A Au—Au, RHIC, |y|=[1.2,2.2] & (GeVv/im3) ———— Glauber (pre ary)

| | |

1 5 3 4 5 10 102 10°
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Conclude: Present results are

compatible with equilibrium QGP formation

NB: this is NEW and largely due to the following TH & EX changes

e finite 7" lattice QCD suggests (caveat: width) direct J/¢ suppression at energy
densities beyond RHIC range; previous TH onset values much lower

e SPS In — In data suggest onset of anomalous suppression at ¢ ~ 1 GeV /fm?;
previous EX onset values much higher, 2 — 2.5 GeV /fm?

e within statistics, no further drop of survival rate below 50 - 60 %; second
drop in SPS Pb — Pb no longer claimed
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e finite 7" lattice QCD suggests (caveat: width) direct J/¢ suppression at energy
densities beyond RHIC range; previous TH onset values much lower

e SPS In — In data suggest onset of anomalous suppression at ¢ ~ 1 GeV /fm?;
previous EX onset values much higher, 2 — 2.5 GeV /fm?

e within statistics, no further drop of survival rate below 50 - 60 %; second
drop in SPS Pb — Pb no longer claimed

But: d alternative account of results?

Crucial aspect of QGP J/¢ suppression:

dissociated charmonia never “recreated” in hadronizing
QGP, since thermal ¢/¢ abundance negligible

what happens for non-thermal ¢/¢ production?
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Regeneration Scenario

Basic Input: Braun-Munzinger & Stachel 2001; Thews et al. 2001;
Grandchamps and Rapp 2002

e cc production is hard process ~ N, in contrast to
u,d, s (soft hadron) production ~ N,

[ breaks down at high energy, parton saturation|

® increase collision energy — increase charm content in
produced system [ check RHIC vs. SPS, D/h vs. thermal?]

e c or ¢ from a given nucleon-nucleon collision can at
hadronization bind with charm constituents from dif-
ferent collisions (“off-diagonal” pairs)

d new exogamous charmonium production mechanism;
c and ¢ in such charmonia have different parents, in
contrast to introgamous production in pp

High energy = enhanced .J/¢) production in AA re pp
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When does this set in?

Present work assumes

statistical recombinatiq,

e direct J/v¢ production strongly
suppressed for ¢ > 3 GeV /fm’

(in contrast to lattice results)

J/U Production Probabilit

thermal dissociation

e statistical combination of all cc Energy Density
(with or without wave function correction)

e at RHIC energy, new exogamous .J/v¢ just compensate
drop of direct introgamous rate; at LHC, off-diagonal

production — .J/¢ enhancement

How to distinguish between

— sequential suppression in equilibrium QGP and

— J/1 regeneration by charm increase?
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e overall J/¢) survival:

suppression vs. enhancement

at high energy densities

e pr behaviour:

initial state parton scattering

vs. final state charm production .

Karsch, Kharzeev & HS 2005
Mangano & Thews 2005

J/U Production Probability

exogamous regeneration

-

sequential suppression

Energy Density

[<p%>AA—<§ 2, 18,

sequential suppression

exogamous regeneration

Energy Density

e in general, regeneration — quarkonium momentum
distributions ~ convolution of open charm momenta

22

Mangano & Thews 2005



Conclusions
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e in statistical QCD, the spectral analysis of quarkonia
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Conclusions

e in statistical QCD, the spectral analysis of quarkonia
provides a well-defined way to determine temperature
and energy density of the QGP

e if nuclear collisions produce an equilibrium QGP, the
study of quarkonium production provides a direct way
to connect experiment and statistical QCD

e for a QGP with increasing charm content, off-diagonal
quarkonium formation by statistical combination may
destroy this connection
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1.0 S +Q
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